Aims/hypothesis We aimed to investigate the risk of cancer mortality in relation to the glucose tolerance status classified according to the 2 h OGTT. Methods Data from 17 European population-based or occupational cohorts involved in the DECODE study comprising 26,460 men and 18,195 women aged 25-90 years were collaboratively analysed. The cohorts were recruited between 1966 and 2004 and followed for 5.9 to 36.8 years. Cox proportional hazards analysis with adjustment for cohort, age, BMI, total cholesterol, blood pressure and smoking status was used to estimate HRs for cancer mortality. Results Compared with people in the normal glucose category, multivariable adjusted HRs (95% CI) for cancer mortality were 1.13 (1.00, 1.28), 1.27 (1.02, 1.57) and 1.71 (1.35, 2.17) in men with prediabetes, previously undiagnosed diabetes and known diabetes, respectively; in women they were 1.11 (0.94, 1.30), 1.31 (1.00, 1.70) and 1.43 (1.01, 2.02), respectively. Significant Electronic supplementary material The online version of this article
Introduction
Epidemiological studies have shown that diabetes [1] [2] [3] [4] [5] [6] [7] or certain treatments for diabetes may increase the risk [8] [9] [10] of developing cancer. Diabetes may also affect the treatment of cancer; some types of cancer are treated less aggressively in patients with diabetes than in patients without diabetes [11] .
Evidence for the association between diabetes and cancerrelated mortality is, however, still limited and results from different studies are controversial. It was reported that diabetic patients suffered from higher mortality rates from all cancers [12] or some types of cancers [13, 14] than the general population. Pre-existing diabetes was a risk factor for allcancer death in Japanese women [15] and for death from some types of cancers in a US population [16] . No association between diabetes and all-cancer mortality was found in an occupational male group (Whitehall study) in the UK [17] or in the Second National Health and Nutrition Examination Survey (NHANES II) Mortality Study in the USA [18] . The NHANES II has, however, found IGT to be associated with a higher risk of cancer mortality. Cancer mortality may also increase with increasing fasting [19, 20] , non-fasting [20] or postload [21] glucose levels.
The aim of this study was to investigate the risk of cancer mortality in relation to the glucose tolerance status based on data from the Diabetes Epidemiology: Collaborative analysis of Diagnostic criteria in Europe (DECODE) Study.
Methods
The study populations and the methods used to recruit participants for the DECODE study have been reported previously [22, 23] . In brief, researchers in Europe who had performed population-based studies or large studies in occupational groups using the standard 2 h 75 g OGTT were invited to participate in the DECODE study. In the current study, 15,631 participants (12,999 men and 2,632 women) from the Malmö Preventive Project (MPP, Sweden) who underwent 2 h OGTT using 30 g oral glucose load per body surface area (m 2 ) [24] were also included. Individual data from each study cohort were sent to the Diabetes Prevention Unit of the National Institute for Health and Welfare in Helsinki, Finland, for data analyses. Each study was approved by the local ethics committees and the analysis plan was approved by the ethics committee of the National Institute for Health and Welfare.
A total of 44,655 participants from 17 study cohorts with prospective data on cause-specific mortality and all other required variables of fasting plasma glucose (FPG), 2 h plasma glucose (2-hPG) after a glucose load, BMI, total serum cholesterol, blood pressure and smoking status were included in the current data analyses. All 17 study cohorts included men (n=26,460) and 14 also included women (n=18,195). The baseline age of the participants ranged from 25 to 90 years with mean ages varying from 45 to 76 years in different study cohorts. The study cohorts were recruited between 1966 and 2004 and followed up for 5.9 to 36.8 years, with median (25th, 75th percentile) follow up of 15.8 years (9.1, 23.2 years) in all cohorts combined (Table 1) . Men contributed 467,872 person-years and women contributed 252,503 person-years of follow up. Informed consent was obtained from all participants in each study.
In the current study population, participants who had a prior history of diabetes or who were on antihyperglycaemic treatment before the baseline survey were considered as having known diabetes. Participants without known diabetes at the baseline survey were classified according to the World Health Organization definition [25] . Undiagnosed diabetes is defined as having either FPG ≥ 7.0 mmol/l and/or 2-hPG ≥ 11.1 mmol/l. IGT is defined as having FPG < 7.0 mmol/l and 2-hPG ≥ 7.8 mmol/l but <11.1 mmol/l. IFG is defined as having FPG ≥ 6.1 mmol/l but <7.0 mmol/l and 2-hPG < 7.8 mmol/l. NGT is defined as FPG < 6.1 mmol/l and 2-hPG < 7.8 mmol/l. People with IGT and/or IFG were labelled as having 'prediabetes'.
Vital status and the cause of death were obtained from national cause-of-death registers or from medical records if the register was not available in some countries for each participant in all studies. Participants who emigrated, for whom the vital status could not be confirmed, were considered as censored cases. Cancer death was defined by the International Classification of Disease codes 140-207 and 209 (8th revision), codes 140-208 (9th revision) and codes C00-C97 (10th revision). No data on autopsy was provided.
Statistical methods Statistical analysis was performed using the SPSS for Windows version 15.0 (SPSS Inc, Chicago, IL, USA) and STATA version 9.2 (StataCorp, College Station, TX, USA). Means and differences in means between groups were estimated using univariate general linear models with adjustments for age and study for continuous variables. χ 2 test was used to test differences in proportions between groups. Crude mortality rates per 1,000 person-years were calculated for each glucose tolerance category. HRs and their 95% CIs for cancer death were estimated using a Cox proportional hazards model for different glucose intolerance groups at the presence of covariates of study cohort, age at baseline (years), BMI (kg/m 2 ), systolic blood pressure (mmHg), serum cholesterol (mmol/l) and smoking status. Stratified analysis by the BMI tertiles was also made for different glucose intolerance groups adjusting for study cohort, age, sex, systolic blood pressure, serum cholesterol and smoking status. Fasting insulin was analysed in only a subgroup of men (n=15,227) and women (n=9,221) who had fasting insulin measured at baseline survey. Time since baseline was used as the time-scale in the Cox proportional hazards model. Interaction between the glucose intolerance and smoking status was examined to evaluate whether the effect of glucose intolerance on cancer mortality differed in smokers from that in non-smokers.
The HRs (95% CIs) for cancer death corresponding to a study-specific one standard deviation (SD) increase in linear form of the FPG and 2-hPG in individuals without a prior history of diabetes were also estimated for each study adjusting for age, sex, BMI, systolic blood pressure, cholesterol and smoking status. Heterogeneity between studies was assessed using Cochran's Q statistics and I 2 statistics, a transformation of Q that estimates the percentage of total variation across studies that is due to heterogeneity [26] . An overall HR for all studies combined was then calculated using the MantelHaenszel method for a fixed-effect model. The influence of individual studies on the overall estimate was assessed by calculating pooled HRs while omitting one study at a time.
Results
Individuals who died from cancer were older, less obese and comprised a higher proportion of current smokers than others (Table 2) . A total of 2,365 cancer deaths were documented in men during a median follow-up of 18.0 years and 870 cancer deaths were recorded in women during 14.9 years. Agestandardised all-cancer mortality rate was higher in individuals with diabetes than in those without in both sexes (Table 3) .
Compared with NGT, the multivariable-adjusted HRs (95% CI) for all-cancer death increased with worsening glucose intolerance status; they were 1.13 (1.00, 1.28) for prediabetes, 1.27 (1.02, 1.57) for previously undiagnosed diabetes and 1.71 (1.35, 2.17) for known diabetes in men. The results were similar in women (Table 3 ). The multivariableadjusted HR for site-specific cancer death was estimated when more than 90 events accumulated in a cancer subgroup. Certain types of site-specific cancers were combined in the final data analyses because of the low numbers in each group. Compared with individuals with NGT, the HR was higher for death from cancers in stomach, colon-rectum and liver in men with prediabetes and diabetes, and for deaths from cancers in liver and pancreas in women; however, this increase was only of borderline significance in women with prediabetes and undiagnosed diabetes ( Table 3) . The interaction term between glucose intolerance and smoking was not statistically significant, i.e. smoking did not modify the effect of glucose intolerance on cancer.
The multivariable-adjusted HRs for all-cancer death was also estimated within each BMI tertile. Compared with NGT, the HRs (95% CIs) were 1.14 (0.96, 1.36) for prediabetes, The 17 studies were homogeneous with respect to the effect of FPG and 2-hPG on all-cancer death in individuals without known diabetes (Q=12.9 on 16 df, I 2 =0.0%, p=0.68 for FPG and Q=17.0 on 16 df, I
2 =5.9%, p=0.38 for 2-hPG). Multivariate-adjusted overall HRs (95% CIs) for all-cancer death were 1.06 (1.02, 1.09) and 1.07 (1.03, 1.11) corresponding to a one SD increase in FPG and 2-hPG, respectively (Figs 1 and 2 ). Leaving any one study out from the data analyses did not substantially
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Discussion
In this collaborative study, we found that mortality from certain types of cancers, particularly from liver cancer, was significantly increased not only in diabetic but also in prediabetic populations compared with people with NGT. The risk increased with deterioration in glucose intolerance status and was highest in people with known diabetes. Cancer mortality also increased with increasing FPG and 2-hPG concentrations. It was reported that diabetes independently predicted allcancer mortality in women in a Japanese population [15] ; and mortality from cancers of colon, liver, pancreas and bladder in men and from cancers of colon, pancreas and breast in women in a US population [16] . Notably, the diagnosis of diabetes was based on self-report in these studies, those without symptoms of diabetes were not identified. The impact of previously undiagnosed diabetes and prediabetes on cancer death was therefore not determined. OGTTs were performed in the Whitehall study in the UK [17] and in the NHANES II Mortality Study in the USA [18] ; neither previously diagnosed nor undiagnosed diabetes predicted cancer death in these studies, whereas IGT did so in the NHANES II Study. The number of patients with diabetes was, however, much lower in the both studies compared with our study.
Several mechanisms may be involved in the relationship between glucose intolerance and the risk of cancer mortality. Oxidative stress and accumulated advanced glycation end-products induced by hyperglycaemia at the cellular level may play important roles in cancer development and progression [27] . Hyperinsulinaemia and increased level of bioavailable insulin-like growth factor I related to insulin resistance [28] may promote cancer cell proliferation [29] and may also relate to worse cancer outcome [29] . In our study, adjustment for fasting insulin did not alter the relationship between glucose intolerance and all-cancer death. Treatment choices for cancer patients with diabetes may be limited by the presence of hyperglycaemia and co-existing diabetes complications [30] and certain types of cancer may be treated less aggressively in patients with diabetes as a comorbidity than in patients without diabetes [11] , which may also lead to the worse cancer survival in patients with diabetes. Although certain glucose-lowering agents have been reported to increase the risk of cancer incidence [10] and cancer mortality [31] , the overall effect of glucoselowering treatments on cancer mortality in our study population is unclear because the information on treatment was not available in detail.
The collaborative data analysis with a relatively large number of all-cancer death events accumulated increased statistical power, and enabled data analysis for site-specific cancers in subgroups. The effect of glucose intolerance on cancer mortality was homogeneous across studies. Diabetes was classified based on a standard 2 h 75 g OGTT, which was not available in similar studies previously reported. There were, however, several limitations with the data. First, the date of cancer diagnosis was not documented; the actual onset of prediabetes and undiagnosed diabetes was also not known in one cross-sectional survey; as a result, the direction of a causative relationship, if any, between glucose intolerance and certain types of cancer such as cancer of the pancreas cannot be determined. Second, the duration of known diabetes, data on detailed treatments for diabetic patients at baseline and during follow-up were not available; the effect of glucose-lowering agents on the risk of cancer death cannot be estimated. Third, alcohol consumption and history of hepatitis and cirrhosis were not recorded in the present study, which might confound the effect of glucose intolerance on risk of death from liver cancer. Dietary factors and physical activity were also potential confounders but not available in this study. Fourth, HbA 1c was not determined and individuals who met only HbA 1c criteria for diabetes [32] might have been misclassified as prediabetes or NGT [33, 34] , which might have obscured the relationship between diabetes and cancer mortality. This needs to be further investigated.
In conclusion, the present study confirmed that diabetes and prediabetes are independent risk predictors for allcancer death, particularly death from liver cancer. In individuals without known diabetes, FPG and 2-hPG concentrations are positively related to the risk of allcancer death.
